ABSTRACT: The dynamics of the phytoplankton assemblage, the physical, chemical and biological parameters, and primary productivity and production were monitored in the central English Channel along a transect between Ouistreham and Portsmouth from January to December 2010. The spatial patterns of the phytoplankton assemblage were controlled by the hydrological characteristics of the water masses, and the annual structure of the phytoplankton assemblage was characteristic of the central English Channel and was controlled by seasonality. The spring bloom was dominated by a single species, Chaetoceros socialis, and associated with low microphytoplankton evenness and Shannon-Wiener indices, whereas the evenness index was high from late spring to winter and associated with the proliferation of pico-and nanophytoplankton cells. We identified 2 species responsible for harmful algal blooms, Phaeocystis globosa, which dominated the community in the northern part of the Seine Bay in May, and Lepidodinium chlorophorum, which dominated the community near the French coast in September. We examined the relationship between microphytoplankton diversity and maximum primary production and productivity. We found a negative parabolic relationship between the diversity indices (evenness and Shannon-Wiener) and maximum primary production, and a positive parabolic relationship between the number of taxa (richness) and maximum primary production. However, we found no relationship between maximum productivity and the evenness or richness indices. High levels of productivity were measured during the increasing abundance of pico and nanophytoplankton cells, highlighting the importance of taking the dominant functional group into account, rather than the degree of diversity, when explaining the level of productivity.
INTRODUCTION
In marine systems, primary production is largely driven by physical and chemical parameters (Falkowski & Raven 2007 . Many studies have focused on the relationship between primary production and nutrients (Lippemeier et al. 1999 , Behrenfeld et al. 2004 , Claquin et al. 2010 or temperature (Davison 1991 , while others have focused on the relationship between primary production and incident light (Anning et al. 2000) . Biological parameters such as the structure of the phytoplankton assemblage can majorly influence the variability in primary production and productivity (Behrenfeld & Falkowski 1997 , Videau et al. 1998 , Jouenne et al. 2005 , Duarte et al. 2006 , Claquin et al. 2010 . The dynamics in the phytoplankton assemblage are mainly controlled by seasonal changes in light and nutrient concentrations (Huisman & Weissing 1995) , but physical and chemical parameters can also influence the relative abundances of picophytoplankton and microphytoplank-ton cells. For example, high temperatures and oligotrophic waters stimulate the development of picophytoplankton (Agawin et al. 2000) , while microphytoplankton tend to dominate coastal and eutrophic waters (Pannard et al. 2008) .
It is well known that the structure and diversity of the phytoplankton assemblage drive productivity and hence carbon input into marine systems (Mittelbach et al. 2001 , Gamfeldt & Hillebrand 2011 . Some studies have focused on the relationship between productivity and the biodiversity of ecosystems, but the shape of the relationship is variously reported as a negative linear relationship, a positive linear relationship, a unimodal relationship, or no relationship at all (Abrams 1995 , Waide et al. 1999 , Jouenne et al. 2007 , Chase 2010 , Claquin et al. 2010 .
Limited species diversity can reduce productivity and this can explain the positive linear diversity− productivity relationship, which is the one most frequently found. Mechanisms that might explain this relationship include: (1) an increasing level of diversity increases the probability that a highly productive species could be present in a phytoplankton assemblage, and (2) the complementarity of species could lead to higher productivity in systems characterized by high diversity (Tilman et al. 1997 , Loreau 1998 . The unimodal diversity−productivity relationship can be explained by competitive exclusion occurring as productivitiy increases and resource availability decreases (Huston & Deangelis 1994 , Duarte et al. 2006 . The negative linear relationship is observed when high production is associated with low biodiversity due to the domination by one or few species which exclude other taxa from the ecosystem. The different diversity-productivity relationships described in the literature indicate that the level of diversity that triggers productivity is still not clear. The complexity of (and variability in) environmental factors may explain the heterogeneity of the diversity−productivity relationship, as may the different methodologies used to describe the degree of diversity.
In this context and in order to improve our understanding of the diversity−productivity relationship, the dynamics in, and diversity of, phytoplankton assemblages need to be further monitored and described in parallel with environmental (physical and chemical) parameters. The English Channel (northwestern Europe) is an epicontinental sea under strong anthropogenic pressure. describe 4 distinct hydrological areas along a transect that transverses the central region of the English Channel. The functioning of each hydrological area depends mainly on nutrient inputs from rivers and on offshore influences . It is consequently useful to study the dynamics of the community structure, diversity and primary production in this highly variable system.
In the present study we monitored the dynamics of the phytoplankton assemblage, the physical, chemical, and biological parameters, and primary productivity and production, in the central English Channel, along a transect between Ouistreham and Ports mouth, over a period of 1 yr. Our objectives were to (1) study the influence of the physical, chemical, and biological parameters on the dynamics in the phytoplankton assemblage, (2) monitor the spatiotemporal variability in the microphytoplankton diversity at 2 scales (intra-station and inter-station) and identify common patterns between seasons, and (3) identify possible relationships between phyto plankton biomass, phytoplankton dynamics, and primary production.
MATERIALS AND METHODS

Sampling strategy
Monthly measurements were made from January to December 2010 in the central region of the English Channel (except in April and November). Data were collected in daylight on board the Normandie-Brittany ferries during their daily 175 km crossing between Ouistreham (France, 49°17' 27'' N, 000°14' 45'' W) and Portsmouth (Great Britain, 50°48' 49'' N, 001°05' 29 W) (Fig. 1) . Physical parameters (temperature, salinity and incident light) were recorded every 500 m, photosynthetic parameters were measured every 5 km and biological (chl a, phytoplankton spe- Author copy cies, suspended particular matter) and chemical parameters (dissolved inorganic nitrogen, phosphate and silicate) every 15 km. The data set is thus complete for 10 sampling stations (Fig. 1) . Water samples were collected by using the difference in pressure between the seawater (1.4 bar) and the ship (1 bar) through a pipe let down from the front of the ship to a depth of 4 m. Sampling stopped in the vicinity of the harbour to limit possible contamination by polluted waters. Supplementary data, including time and position (latitude, longitude) were provided by the crew.
Chl a, physical, and chemical parameters
The chl a concentration was measured using the method of Welschmeyer (1994;  see also the description in . Temperature and salinity were recorded with a YSI 6600 V2 multi-parameter probe, and light was measured on deck with a 2π PAR sensor LI-192 connected to a LI-1400 data logger (LI-COR). Dissolved inorganic nitrogen (DIN), phosphate (DIP) and silicate (DSi) concentrations were determined in the laboratory using an AxFlow AA3 autoanalyzer, following the method of Aminot & Kérouel (2007) . Concentrations of suspended particulate matter (SPM) were measured using the method of Aminot & Chaussepied (1983) .
Species composition
Microphytoplankton. Immediately after sampling, 1 l of water was preserved using acid Lugol's solution (2 ml l −1 ). The Utermöhl (1931) method was used for the analysis of the composition and concentration of microphytoplankton. After homogenisation, a 10 ml water sample was poured into a sedimentation chamber and left to settle for at least 8 h. The phytoplankton cells on the chamber bottom were identified and counted using an inverted microscope. Organisms were identified to the lowest taxonomic level possible, depending on the skill of the operator (a single operator was involved for all taxonomic analysis). The strategy used for each species was to count the whole bottom of the chamber, half the bottom, or along a diagonal, depending on the abundance of the species. The same magnification (400×) was used in all cases and the counts are expressed in cells l −1 . Pico-and nanophytoplankton. Analyses of picoand nanophytoplankton samples and processing of flow cytometric data (FACSCanto II flow cytometer, BD-Biosciences) were performed at the Laboratoire National d'Analyse en Cytométrie en Flux, CNRS INSU, Observatoire Océanologique de Banyuls sur mer, France. The samples were fixed with glutaraldehyde at a final concentration of 1%, frozen in liquid nitrogen, stored at −80°C, and were then thawed at room temperature immediately before cytometric analysis (Vaulot et al. 1989) . A blue argon laser (excitation at 488 nm) was used to distinguish and count autotrophic and heterotrophic cells. Phototrophic cells were enumerated according to their right-angle light scatter properties (SSC, roughly related to cell size), and the orange (585/42 mm BP) and red (670 nm LP) fluorescence from phycoerythrin and chlorophyll pigments, respectively. Data were acquired using FACSDiva software (BDBiosciences). Fluorescent 1.002 µm beads (Polysciences) were systematically added to each analysed sample to normalize cell fluorescence and light scatter emission, thus making it possible to compare the results. To estimate cell abundances accurately, the flow rate of the sample was routinely measured every 10 samples using BD Trucount tubes (Cat. 340334; Lot 822525).
Productivity and primary production
We used the maximum primary production (PP max that we transformed from mg C l -1 h -1 to mg C m
) data of and calculated maximum productivity rates (P B max ) using: .
Diversity indices
To characterise the species richness of the microphytoplankton community, we counted the number of taxa (S) in each sample. The Shannon−Wiener index (H') of the microphytoplankton was calculated using:
and the evenness index (J ') was calculated following the widely used formula of Pielou (1966) :
where p i is the proportion of the microphytoplankton species i.
Statistical analyses
Canonical correspondence analysis (CCA) was performed using R v.2.11.1, to examine the relationship between physical, chemical, and biological parameters and the structure of the phytoplankton assemblage. For this analysis, a matrix was built containing the physical and chemical parameters, the biological parameters, and the abundance of each microphytoplankton species in the samples. Microphytoplankton species abundance data (cells l −1 ) were log-transformed [log 10 (x + 1)] as this variable may have an asymmetric distribution due to exponential growth when conditions are favourable (Ter Braak & S milauer 2002) . Physical, chemical, and biological data were centered by the mean of the variable and reduced by the variance. CCA is an efficient ordination technique when a Gaussian relationship between species and the environmental gradients is expected (Ter Braak 1986 ). This constrained analysis extracts the best environmental gradients that ex plain the maximum variability in species data. Biological variables (chl a, diatom, dinoflagellate, Synechococcus and picoeukaryote concentrations, PP max , P B max , species richness S, Shannon-Wiener index H ', and the microphytoplankton evenness index J ') were added as supplementary variables to the CCA, and were thus correlated with the canonical axis (which is a linear combination of environmental parameters) on the plot (Klein et al. 2011) .
To resolve the space and time variability in the structure of the microphytoplankton community, partial triadic analysis (PTA) was applied to the data set using the ADE-4 package , Dray & Dufour 2007 with the R v.2.11.1 software. The data were organised in sub-matrices. A sub-matrix containing the composition of microphytoplankton species recorded for all sampling dates was built for each station. The data (cells l −1 ) were log-transformed [log10(x + 1)] to obtain a normal distribution. The PTA analysis compares the structures shared by the submatrices and identifies stations with a similar temporal structure. Ward's cluster analysis based on the vector correlation coefficients of the PTA was performed to distinguish groups of stations according to their microphytoplankton composition (Ward 1963) .
To study the relationship between microphytoplankton richness and PP max , as well as between the microphytoplankton evenness index and PP max , quadratic polynomial regression analyses were carried out on the data set using SigmaPlot v.11.0 (Systat Software).
To identify inter-site and intra-site variability, we used the double principal coordinate analysis (DPCoA) developed by Pavoine et al. (2004) . This analysis makes it possible to break down total inertia into the inertia of species around stations (intra-station diversity) and the inertia between stations (inter-station diversity). The intra-station diversity is the inertia (variance) of species weighted by their relative abundance at the station concerned, within the space of the DPCoA. Conversely, the inter-station variability is the inertia of all the stations weighted by the weight vector of each station within the space of the DPCoA. DPCoA were performed with R v.2.11.1 using the ADE-4 package (Pavoine et al. 2004) . A single matrix was built containing the frequencies of microphytoplankton species at each station and at each sampling date, with species listed in the columns and the station/date in the rows.
RESULTS
Spatiotemporal variability in biological parameters
The phytoplankton biomass (chl a, data from ) and the number of diatom cells showed the same pattern, but the pattern varied considerably over time and in space ( Fig. 2A,B) . The highest values were observed from the French coast to the northern part of the Seine Bay, between the end of winter and June. The highest chl a concentration (7.2 µg l ) was observed in May. A weaker winter/spring proliferation was observed near the English coast (i.e. Stns 9 and 10) from January to May, with a maximum chl a concentration of 3.3 µg l −1 and a maximum number of diatom cells of 742 500 cells l −1 , recorded in spring. Compared to the concentrations of diatoms, concentrations of dinoflagellates remained low throughout the year of our study (Fig. 2C ). Dinoflagellates proliferated later than diatoms, i.e. between July and September, with values ranging between 2400 and 139 000 cells l −1 , near the French coast. The highest concentrations of cryptophytes were recorded between May and July on both coasts, the highest value being 1642 cells ml −1 recorded in May near the French coast (Fig. 2D) .
The concentrations of picoeukaryotes ( Fig. 2E ) and Synechococcus ( Fig. 2F) Microphytoplankton S (Fig. 3A) varied over time and in space. A decreasing south−north gradient was observed along the transect, with the highest number of taxa (33 taxa sample −1 ) observed in May at latitude 49.4°N. Microphytoplankton H' (Fig. 3B ) and J ' (Fig. 3C) showed the same spatiotemporal variability over the year except in November-December where H' dropped and J' remained high. Minimum values were recorded between the end of winter and the end of spring from the French coast to the centre of the English Channel. The lowest H' (0.25) and the lowest J' (0.09) were recorded in May at latitude 49.9°N.
PP max showed the same spatiotemporal pattern as microphytoplankton S except for the relatively high values recorded on the English coast over the year (Fig. 3D) 
Phytoplankton assemblage dynamics
We used CCA to link the variability in the structure of phytoplankton assemblage to physical, chemical, and biological parameters (Fig. 4) . The first 2 axes of the CCA explained more than 59% of the variance of the data set (Axis 1: 37.74%; Axis 2: 21.60%). Monte Carlo permutation tests showed that all the canonical axes (p < 0.001) were statistically significant. As previously reported in , physical, chemical, and biological parameters revealed temporal uncoupling due to the seasonality of the parameters (Fig. 4A) . The high concentrations of diatom cells were positively linked to high concentrations of chl a, PP max , S, and irradiance, and negatively linked to J ', H', and concentrations of DSi. Conversely, dinoflagellate concentrations were linked to high P B max and high temperatures, and low DIN and chl a concentrations. Synechococcus concentrations were positively linked to P B max and negatively linked to high nutrient concentrations, and positively to picoeukaryote concentrations, which, in turn, were positively linked to PP max .
A clear seasonal structure was apparent in the phytoplankton assemblage throughout the year of study (Fig. 4B) . On the left part of the CCA (Fig. 4B,C) , the summer and autumn communities were characterised by dinoflagellates, while diatoms were observed throughout the year (Fig. 4B,C) with the highest concentrations in spring (Fig. 4A,B) . The spring diatom peak near the French coast was mainly dominated by diatoms of the genus Chaetoceros, particularly C. socialis (C_s) in May (880 900 and 846 000 cells l −1 at Stns 1 and 2, respectively). In contrast, the community near the English coast was characterised by Skeletonema spp., (Sk) (449 000 cells l 
Spatial variability
The PTA interstructure analysis enabled us to detect similarities in the structure of the community of microphytoplankton between stations over the year of study. The first eigenvalue of the PTA analysis represents more than 31% of the total inertia and is isolated from the others (Fig. 5A ). This suggests a close link between stations, which in turn indicates a strong common temporal structure of the microphytoplankton assemblage between stations. The second eigenvalue represents more than 11% of total inertia (Fig. 5A ) and highlights the differences between stations (Fig. 5B) . Based on Ward's cluster analysis (Fig. 5C) , the transect between Ouistreham and Portsmouth can be divided into 3 groups of stations: Stns 1 to 3;, Stns 4 to 8, and Stns 9 and 10. Diversity A significant quadratic polynomial relationship was found between microphytoplankton S and PP max (Fig. 6A) , between microphytoplankton J ' and PP max (Fig. 6B) and between H' and PP max (data not shown, R 2 = 0.066, y = −0.0010x 2 + 0.0088x + 1.7590). There was thus a positive link between S and PP max (p < 0.0001), and a negative link between J ' and PP max (p < 0.0001) and between H' and PP max (p < 0.05). However, the low values of R 2 (Fig 6A,B) show that part of the variability in S and J ' are not explained by PP max and vice-versa.
We used double principal coordinate analysis (DPCoA) (Pavoine et al. 2004 ) to break microphytoplankton diversity down to 2 levels (inter-station and intra-station) in only one space. In Fig. 7 , the projection of the stations on the 2 first axes highlights the variability among stations, while the size of the square shows the level of intra-station diversity given by the inertia in the species around each station.
High intra-station and inter-station microphytoplankton diversity was observed in January (Fig. 7A) and February (Fig. 7B) , as well as in October (Fig. 7I) and December (Fig. 7J) , i.e. in winter and autumn.
The proliferation of diatoms in May (Fig. 7D ) was characterised by low diversity. The structure of the community at Stn 3 and at Stns 5 to 10 was nearly identical, as it was at Stns 1 and 2. Moreover, low intra-station diversity was observed at Stns 1, 2 and 4, due to the proliferation of C. socialis at Stns 1 and 2 and of P. globosa at Stn 4. The beginning (Fig. 7C) and end (Fig. 7E ) of the diatom proliferation were characterised by high inter-station diversity compared with May. During those periods, Stns 1 to 3 and Stns 9 and 10 showed the same microphytoplankton community structure. Community structure at Stns 4 to 7 resembled that of the coastal stations in March but Stns 4 to 7 had their own community structure in June.
In July (Fig. 7F) , August (Fig. 7G) and September (Fig. 7H) , when the highest concentrations of dinoflagellates were observed, Stns 1, 8, 9 and 10 showed the same microphytoplankton community structure. From July to September, the dynamics at Stn 3, located in the north of the Seine Bay, differed from the dynamics at Stns 1, 8, 9 and 10. Other stations were either associated with Stns 1, 8, 9 and 10 or were characterised by the proliferation of 1 taxon. For example, Chlorophyceae were prolific in July at Stn 4 (82% of the total number of microphytoplankton cells), Leptocylindrus danicus and L. curvatulus were prolific in August at Stn 7 (79% of the total number of microphytoplankton cells) and Lepidodinium chlorophorum were prolific in September at Stn 2 (90% of the total number of microphytoplankton cells). and inertia of species around each station (intra-station diversity) for 10 sampling dates in 2010 (dates given above each panel). Inter-station diversity is represented by the distance between stations (the longer the distance, the greater the diversity) and intra-station diversity is represented by the size of the square (the larger the square, the greater the diversity)
DISCUSSION
Phytoplankton assemblage dynamics
The structure of the phytoplankton assemblage was characterised by spatial variability. The differences between stations were the magnitude and the composition of the phytoplankton assemblage. Na po léon et al. (2012) showed that the transect between Ouistreham and Portsmouth can be divided into 4 distinct hydrological areas: (1) the French coastal area, which receives large freshwater inputs, (2) the area north of the Seine Bay, which is influenced by nutrient inputs from the River Seine and offshore inputs (Menesguen & Hoch 1997 , Cugier et al. 2005 , (3) the centre of the English Channel (CentreEC), and (4) the English coastal area (UKcoast), which has low nutrient concentrations despite its proximity to the coast. In the present study, the PTA interstructure analysis performed on microphytoplankton species data identified almost the same areas as those found by Napo léon et al. (2012) . This result confirms the role of hydro dynamic characteristics in the geographical structure of phyto plankton assemblage, as reported in other studies (Jones et al. 1984 , Estrada et al. 1999 .
The general annual pattern of the phytoplankton assemblage found in the present study is characteristic of the central English Channel and is controlled by seasonality (Videau et al. 1998 , Gailhard 2003 , Domingues et al. 2005 , Jouenne et al. 2007 , Pannard et al. 2008 ). This pattern is characterised by 4 periods: (1) low biomass in winter, (2) an extensive spring bloom from March to May dominated by diatoms and especially by species of the genera Chaetoceros on the French coast and Thalassiosira and Skeletonema on the English coast, (3) high microphytoplankton richness between April and August and (4) a less pronounced bloom near the French coast from late summer to early autumn dominated by the dinoflagellate Lepidodinium chlorophorum. During the study period, the abundance and diversity of the microphytoplankton in the phytoplankton assemblage were dominated by diatoms (76.6% of the total number of cells and 64.3% of taxa diversity), in particular during the spring diatom bloom, as shown in other temperate ecosystems (Lemaire et al. 2002 , Gameiro et al. 2007 , Jouenne et al. 2007 , Klein 2010 . Diatoms are known to dominate the phytoplankton assemblage during periods of high nutrient concentrations and turbulence, whereas dinoflagellates are likely to dominate the phytoplankton population during periods of low turbulence and low nutrient concentrations (Margalef 1978) . In our study, diatoms de creased in late spring along with the seasonal nutrient depletion, followed by an increase in dinoflagellates, in accordance with the reports in the literature.
Synechococcus and picoeukaryotes reached their maximum abundance in late spring/early summer on the English coast, whereas cryptophytes peaked during the spring diatom bloom on the French coast. According to Bell & Kalff (2001) , larger plankton cells (i.e. diatoms, dinoflagellates and cryptophytes in our study) are characteristic of nutrient-rich environments, whereas smaller forms (i.e. Synechococcus and picoeukaryotes in our study) predominate in nutrient-depleted environments. That is in accordance with our results concerning the seasonality of nutrient concentrations along the transect, and with the 4 hydrological areas described by .
Double principal coordinate analysis (DPCoA) not only allowed us to distinguish intra-site and inter-site microphytoplankton diversity, but also to monitor the spatiotemporal variability in microphytoplankton diversity and to distinguish common patterns be tween seasons. DPCoA was also very useful to identify stations which were dominated by a single species. For example, we identified 2 species that dominated the phytoplankton assemblage: Phaeocystis globosa in May at Stn 4, and Lepidodinium chlorophorum in September at Stn 2, both species being responsible for harmful algal blooms (HAB).
An annual spring bloom of P. globosa is generally observed in the North Sea and the English Channel following the spring diatom bloom (Reid et al. 1990 , Lancelot 1995 , Cadee 1996 , Jouenne et al. 2007 , Pannard et al. 2008 . In our study, P. globosa was ob served only in May (on 5 May 2010), at Stn 4, at a concentration representing 95% of the total number of microphytoplankton cells. On 12 May 2010, P. globosa reached a concentration of 4 700 000 cells l −1 in the Bay of Somme (eastern English Channel, France) (REPHY, Ifremer network). Moreover, during the 10 d preceding the proliferation, unusual wind from the northeast was recorded (Météo France). We thus presume that the high P. globosa concentration observed at Stn 4 was a residual phenomenon of an event that took place in the eastern English Channel including the Bay of Somme. The same phenomenon was observed in 2012 by REPHY (Ifremer) with a high concentration of P. globosa (440 000 cells l −1 ) recorded in the same area (Cabourg, France) and during the same month associated with wind from the northeast the week preceding the proliferation.
L. chlorophorum is known to be responsible for green-water events in the North Sea (Elbrachter & Schnepf 1996) , the English Channel, and the Bay of Biscay (Sournia et al. 1992 , Gailhard 2003 . During the year of study, this dinoflagellate was observed in September at Stn 2. The species is not toxic, but when the biomass is high it can generate large aggregates due to its high transparent exopolymer particle (TEP) production capacity , which can cause local anoxia (Sournia et al. 1992) , and may result in a high mortality rate in sedentary fauna. However, the concentrations recorded in the present study remained low and thus presumably did not present the risk of anoxia.
Phytoplankton assemblage structure, primary production and productivity
The present study not only advanced our understanding of the variability in the phytoplankton assemblage as a function of hydrological areas, level of anthropogenic influence or seasonality, but also enabled us to study the relationship between P B max and the phytoplankton assemblage structure and its consequences for PP max .
As also reported by Irigoien et al. (2004) , we recorded low microphytoplankton Shannon-Wiener (H') and evenness (J ') indices during the spring diatom bloom. The high H' and J ' of the microphytoplankton from summer to winter were measured during a period with low nutrient concentrations. During this period, small phytoplankton cells were dominant because they are able to uptake nutrients in nutrientdepleted environments due to their high surface:volume ratio (Raven 1998) . Thus, we propose the codominance of small phytoplankton cells from summer to winter, and particularly the development of picoeukaryotes and Synechoccocus between the English coast and the centre of the English Channel in summer. In contrast, the spring diatom bloom (occurring from the centre of the Channel of the French Coast) was largely dominated by a single phytoplankton species, Chaetoceros socialis, which represented 86% of the total number of microphytoplankton cells. This result, i.e. the dominance of one species, is in agreement with results of studies by Reid et al. (1990) , Irigoien et al. (2004) and Duarte et al. (2006) . A significant negative parabolic relationship was obtained between the microphytoplankton J ' and PP max and between the microphytoplankton H' and PP max . Duarte et al. (2006) also showed a high negative parabolic link between H' and PP max , and suggested that low PP max rates could reduce recovery from mortality and therefore reduce species diversity. Conversely, higher PP max could also reduce diversity through exclusion by competition because of the decrease in available resources. However, we found a positive parabolic relationship between microphytoplankton S and PP max , suggesting that high PP max levels were characterised by high species richness but that the community was dominated by only few taxa.
Only a few studies have focused on the relationship between species richness and productivity in marine ecosystems (Jouenne et al. 2007 , Prowe et al. 2012 . Productivity is found to be sometimes positively correlated with species richness, sometimes negatively, and sometimes not correlated at all (Waide et al. 1999 , Mittelbach et al. 2001 , Jouenne et al. 2007 , Hillebrand & Matthiessen 2009 ). In the present study, we found no correlation between P B max and J' (R = 0.075, p = 0.457), S (R = 0.032, p = 0.750) or H' (R = 0.086, p = 0.396). As proposed by Prowe et al. (2012) , physical and chemical parameters would be ex pected to drive the relationship between productivity and richness, the evenness index, or the Shannon-Wiener index. But we found no correlation in the 3 hydrological areas defined by the PTA, revealing that the degree of anthropogenic influence and consequently water mass properties do not influence the relationship between P B max and microphytoplankton diversity. Here we should mention a limitation of our study. The diversity of the pico-and nanophytoplankton cell fraction was not included in the calculation of the diversity levels due to the method used to characterise this fraction (flow cytometry). A better way to determine the diversity of the pico-and nanophytoplankton diversity is by molecular methods, even if this technique also has some limits. In the present study, we assumed that the majority of PP max is due to microphytoplankton cells and that we could therefore explore the relationship between micro phyto plank ton and diversity indexes. However, even knowing this limit, high levels of P B max were recorded during the development of small cells from late spring to the following winter, particularly during the proliferation of picoeukaryotes and Synechoccocus. Such a negative relationship between cell volume and productivity has already been reported (Malone & Neale 1981) . Conversely, Jouenne et al. (2007) found a positive relationship in their study in a French estuarine bay in the English Channel (Veys Bay). The inverse relationship between cell size and productivity is generally attributed to nutrient limitation. Indeed, the minimum limiting concentration decreases with a decrease in cell size (Montecino & Quiroz 2000) , which is in agreement with the proliferations of picoeukaryotes and Synechoccocus we observed in this study.
During the same study as the present one, showed that photosynthetic parameters were controlled by light during the spring diatom bloom on the French coast and that photoacclimation to low light occurred. We can assume that there was a higher chl a concentration per carbon biomass during the massive diatom bloom compared to the chl a concentration of small cells present in late spring and early summer, due to photoacclimation to high light. This allows us to account for the higher P B max (expressed as a function of the concentration of chl a) measured during the proliferation of picoeukaryotes and Synechoccocus, which was associated with low chl a concentrations. Thus, a significant negative relationship was found between P B max and the chl a concentration (R = −0.494, p < 0.0001). Diatoms and picoplankton belong to 2 functional groups; diatoms are characterized by a high concentration of chl a associated with low productivity, while the picoplank ton is represented by small cells which are highly competitive for nutrient uptake and are highly productive.
CONCLUSIONS
We have shown that the spatial variability in the microphytoplankton assemblage is linked to the hydrological areas described in and that the temporal variability is controlled by seasonality.
We found a negative parabolic relationship be tween the microphytoplankton J' and PP max and be tween the microphytoplankton H' and PP max . However, we found a positive parabolic relationship between microphytoplankton S and PP max , suggesting that high PP max was characterised by high microphytoplankton species richness but that the community was dominated by only a few species.
We highlighted the high P B max of picoplankton, yet picoplankton are frequently not taken into account in temperate coastal ecosystems (Jouenne et al. 2007 , Pannard et al. 2008 , Klein 2010 , Klein et al. 2011 .
Results of the present study underline the importance of taking into account the dominant functional group rather than the degree of diversity to explain the level of P B max . Our analysis focused on variability at the seasonal scale. It would also be interesting to explore the relationships between P B max and diversity at a higher sampling frequency. 
